The peptidoglycan structure of Mycobacterium spp. has been investigated primarily with the readily cultivable Mycobacterium smegmatis and Mycobacterium tuberculosis and has been shown to contain unusual features, including the occurrence of N-glycolylated, in addition to N-acetylated, muramic acid residues and direct cross-linkage between meso-diaminopimelic acid residues. Based on results from earlier studies, peptidoglycan from in vivo-derived noncultivable Mycobacterium leprae was assumed to possess the basic structural features of peptidoglycans from other mycobacteria, other than the reported replacement of L-alanine by glycine in the peptide side chains. In the present study, we have analyzed the structure of M. leprae peptidoglycan in detail by combined liquid chromatography and mass spectrometry. In contrast to earlier reports, and to the peptidoglycans in M. tuberculosis and M. smegmatis, the muramic acid residues of M. leprae peptidoglycan are exclusively N acetylated. The un-cross-linked peptide side chains of M. leprae consist of tetra-and tripeptides, some of which contain additional glycine residues. Based on these findings and genome comparisons, it can be concluded that the massive genome decay in M. leprae does not markedly affect the peptidoglycan biosynthesis pathway, with the exception of the nonfunctional namH gene responsible for N-glycolylmuramic acid biosynthesis.
The success of Mycobacterium tuberculosis and Mycobacterium leprae as pathogens has been linked to their ability to survive in the host, particularly in the macrophage (6, 30 ). An important element in intracellular survival and consequent pathogenesis is the unique composition of the bacterial cell envelope of pathogenic mycobacteria, consisting of a highly complex array of distinctive lipids, glycolipids, proteins, and polymers (3, 4, 7) , of which the mycolyl-arabinogalactan-peptidoglycan complex (MAPc) is the major structural component (7) . The peptidoglycan (PG) layer of MAPc forms the backbone of the cell envelope, maintaining cell shape and size. In addition, the C6 of some of the muramic acid residues of PG serves as the linkage site for arabinogalactan (23) , which in turn provides the site for the attachment of mycolic acids through the esterification of terminal arabinose residues (24) .
The individual components of the MAPc have been subjected to structural and biosynthetic studies in pursuit of the discovery of novel enzymatic activities that may be exploited as drug targets (2) . Previous structural analyses of the PGs of, mainly, Mycobacterium smegmatis and M. tuberculosis have identified several unusual features (18, 25, 26) , including the occurrence of N-glycolylmuramic acid (MurNGlyc), direct diaminopimelic acid (DAP)-DAP cross-links, and modifications at the free carboxylic acid functions of DAP and D-Glu. The data on these diverse structural features of a few members of the Mycobacterium genus have been partially extended to other mycobacteria, including M. leprae (9, 10) . There are direct and a priori reasons to expect a distinctive PG structure in M.
leprae. The genome, in comparison to those of M. tuberculosis and other mycobacteria, has undergone an exceptional degree of self-deletion and rearrangement such that only about 50% coding capacity remains, with only about 1,600 complete open reading frames (ORFs), compared to about 4,000 for M. tuberculosis (5) and about 7,000 for M. smegmatis (Comprehensive Microbial Resource database [http://cmr.tigr.org /tigr-scripts/CMR/CmrHomePage.cgi]). Although the three species have similar clusters of mur genes, organized as that in Escherichia coli, the M. tuberculosis cluster contains four additional ORFs encoding hypothetical proteins between pbpB and murE that are missing from the M. leprae or M. smegmatis cluster (20) . Draper et al. (10) demonstrated that the amino acid in the first position of the tetrapeptide side chain of the PG of M. leprae is Gly rather than the D-Ala of all other mycobacteria. Thus, in light of a dramatically rearranged and reduced genome marked by few complete ORFs, evidence for chemical changes, the obligate intracellular nature and origins of M. leprae, and interest in the molecular basis of leprosy pathogenesis, we analyzed the PG of M. leprae, applying sensitive analytical means in accord with the paucity of in vivo-derived material, and drew comparisons with the more thoroughly studied products from M. tuberculosis and M. smegmatis.
MATERIALS AND METHODS
Preparation of PGs from M. leprae, M. tuberculosis, and M. smegmatis. M. leprae cells were purified from armadillo spleens and livers as described previously (16) . M. tuberculosis H37Rv (ATCC 25618; American Type Culture Collection, Manassas, VA) was grown in a glycerol-alanine-salt medium. M. smegmatis MC 2 155 (ATCC 700084; American Type Culture Collection, Manassas, VA) was grown in nutrient broth (EM Science, Gibbstown, NJ). In all cases, cells at mid-log phase were harvested by centrifugation and washed with phosphatebuffered saline (PBS) to remove growth medium before the isolation of PG.
The bacilli were resuspended in 10 mM NH 4 HCO 3 containing 1 mM phenylmethylsulfonyl fluoride and disrupted by intermittent probe sonication with an MSE Soniprep 150 (MSE-Sanyo; Integrated Services, Palisades Park, NJ) for 30 cycles (60-s bursts separated by 60 s of cooling). The sonicate was digested with 10 g each of DNase and RNase/ml for 1 h at 4°C. A cell wall-enriched fraction was obtained by centrifugation at 27,000 ϫ g for 30 min. PG was prepared from the cell wall fraction as reported previously, with some modifications (10, 18, 21) . The pellet containing cell walls was resuspended in PBS containing 2% sodium dodecyl sulfate (SDS), the suspension was incubated for 1 h at 50°C with constant stirring and recentrifuged at 27,000 ϫ g for 30 min, and the supernatant was discarded. This process was repeated twice. The resulting pellet was resuspended in PBS containing 1% SDS and 0.1 mg of self-digested proteinase K/ml, and the suspension was incubated at 45°C for 1 h with constant stirring. The mixture was then heated at 90°C for 1 h before centrifugation at 27,000 ϫ g for 30 min. The supernatant was discarded, and the 1% SDS extraction procedure was repeated twice to remove proteinase K. The pelleted material was washed twice with PBS and four times with deionized water to remove SDS. The resulting MAPc was extracted with ethanol-diethyl ether (1:1) and dried under a vacuum. In order to hydrolyze the mycolic acids, the MAPc was resuspended in 0.5% KOH in methanol and stirred at 37°C for 4 days. The mixture was centrifuged, and the pellet was washed twice with methanol and twice with diethyl ether and dried under a vacuum. The resulting arabinogalactan-PG was digested with 0.05 N H 2 SO 4 at 37°C for 5 days to remove the arabinogalactan. The resulting insoluble PG was washed four times by centrifugation in deionized water and dried under a vacuum.
Solubilization of PG and purification and analysis of muropeptides. The purified PG (2 mg) was suspended in 0.5 ml of 10 mM sodium acetate (pH 5.0) containing 25 g of purified muramidase from a Chalaropsis sp., prepared as described previously (14) , and the suspension was incubated at 37°C for 16 h with stirring (32) . Digests were centrifuged at 27,000 ϫ g for 30 min, and the supernatant was filtered through a 10-kDa-cutoff ultrafiltration membrane (Millipore) to remove muramidase and dried under a vacuum. The muropeptides were resuspended in 0.5 M sodium-borate buffer (pH 9.0), and sodium borohydride was added to achieve a final concentration of 8 mg/ml. The mixture was incubated for 30 min at room temperature to reduce the sugar moieties. The reaction was stopped by the addition of orthophosphoric acid, and the pH was adjusted to 4.0 prior to fractionation by size exclusion chromatography on a Superdex peptide 10/300 GL column (Amersham Biosciences, Piscataway, NJ) with a model 600 controller connected to a model 600 pump and a model 2487 UV detector (all from Waters, Milford, MA). The column was equilibrated and eluted with 30% acetonitrile (Burdick and Jackson, Muskegon, MI) containing 0.1% trifluoroacetic acid (Supelco, Bellefonte, PA) with a flow rate of 0.5 ml/min. The absorbance of the effluent at 214 nm was monitored. The fractions containing muropeptides were dried under a vacuum and resuspended in high-performance liquid chromatography (HPLC)-grade water at an approximate concentration of 10 M. An aliquot (20 l) was applied to a 2-by-150-mm Hypersil octyldecyl silane (C 18 ) column (Phenomenex, Torrance, CA) connected to an Agilent 1100 HPLC system (Agilent Technologies, Palo Alto, CA). The muropeptides were eluted with a 2 to 30% linear gradient of acetonitrile containing 0.5% formic acid at 320 l/min. The eluate was monitored at 214 nm and introduced directly into an LCQ Duo electrospray mass spectrometer (Finnigan-Thermoquest, San Jose, CA), and the muropeptides were analyzed by mass spectrometry (MS) and tandem mass spectrometry (MS-MS). MS-MS was performed on the fly of the most dominant ion from the previous MS scan. A standard preparation of
N-acetylmuramyl-L-alanyl-D-glutamyl-meso-diaminopimelyl-D-alanyl-D-alanine
(MurNAc pentapeptide) was prepared from enzymatically synthesized UDPMurNAc pentapeptide and was analyzed by liquid chromatography (LC)-MS to establish the pattern of MS fragmentation, as described previously (21, 22) .
Analysis of amino sugars and amino acids. Aliquots of the Chalaropsis sp. muramidase-solubilized muropeptides obtained after fractionation by size exclusion chromatography were resuspended in 200 l of 50 mM 2-(N-morpholino)ethanesulfonate buffer (pH 6.0; Sigma, St. Louis, MO) containing 1 mM MgCl 2 and 10 U of mutanolysin (Sigma, St. Louis, MO), and the suspensions were incubated for 16 h at 37°C. The resulting hydrolysate was further digested with ␤-N-acetylhexosaminidase (Sigma, St. Louis, MO) to obtain the amino sugars. The reaction mixture was deproteinated by ethanol precipitation, and the supernatant was transferred into a 13-by-100-mm glass tube and dried under a vacuum. Scyllo-inositol was added as an internal standard. To prepare trimethylsilane derivatives (21) , samples were resuspended in 3 N methanolic HCl (Supelco, Bellefonte, PA) in a tightly capped tube, heated at 80°C for 1 h, cooled to room temperature, and dried under a stream of N 2 . Tri-Sil reagent (Pierce, Rockford, IL) was added, the tightly capped tube was heated at 70°C for 20 min and cooled to room temperature, and excess reagent was evaporated under a stream of N 2 . The derivatized products were dissolved in a small volume of hexane and analyzed in a Trace 2000 gas chromatograph (Finnigan-Thermoquest, San Jose, CA) fitted with a DB-5 column (10 m by 0.18 mm; Agilent Technologies, Palo Alto, CA) linked to a Polaris mass detector (FinniganThermoquest). Analytical runs were programmed at an initial temperature of 80°C, held for 1 min, and the initial temperature was first raised at a rate of 30°C min Ϫ1 to 130°C and then at a rate of 10°C min Ϫ1 to a final temperature of 280°C, which was held for 10 min. Muramic acid and glucosamine standards were prepared in the same way.
For amino acid analysis, an aliquot (0.2 mg) of purified PG was transferred into a glass tube, 0.1 ml of 6 N HCl (Pierce, Rockford, IL) was added, and the tube was flushed with N 2 . The tightly capped tube was heated on a heat block at 110°C for 18 h. The amino acid compositions of the PGs obtained from M. leprae, M. tuberculosis, and M. smegmatis were determined using the EZ:faast gas chromatography (GC)-MS kit according to the instructions supplied by the manufacturer (Phenomenex, Torrance, CA). The amino acid EZ:faast derivatives were analyzed on a Trace 2000 gas chromatograph fitted with a DB-5 column (10 m by 0.18 mm) connected to a Polaris mass detector. Analytical runs were programmed at an initial temperature of 110°C, which was held for 2 min and then raised to 285°C at 15°C min Ϫ1 . This highly sensitive method allowed us to analyze samples smaller than those that can be analyzed by the conventional methods, which facilitated the analysis of M. leprae PG.
RESULTS
Analysis of amino acids and amino sugars of PG. The amino acid compositions of M. tuberculosis and M. smegmatis PGs were similar in including Ala, Glu, and DAP (data not shown). However, as previously reported (10), M. leprae PG also contained Gly (Fig. 1) .
Previously, we established that the muramic acid residues of M. tuberculosis and M. smegmatis PGs comprised of a mixture of MurNGlyc and MurNAc (21) . However, the M. leprae PG was different in that there was no detectable MurNGlyc; MurNAc was the only form of muramic acid present in M. leprae (Fig. 2) . All of the Glc-NH 2 residues from the PGs of these three organisms were N acetylated (data not shown).
Solubilization of PG and purification and analysis of muropeptides. PGs obtained from M. leprae, M. tuberculosis, and M. smegmatis were digested with Chalaropsis sp. muramidase, resulting in the solubilization of about 80% of the starting material. Further digestion of the insoluble material yielded only a marginal increase in soluble products. The soluble material was deproteinated by ultrafiltration and subjected to size exclusion chromatography on a Superdex peptide 10/300 GL column. The size-fractionated muropeptides obtained from the PGs from the three species were analyzed by LC-MS. The initial MS analysis of the samples was used to identify the dominating molecular ions of the muropeptides. The structures of these dominating ions were subsequently analyzed by MS-MS. The secondary ions generated by MS-MS were compared with those from the MS-MS analysis of the standard MurNAc pentapeptide prepared as described previously (21), enabling the identification of the major monomers and the nature and locations of the modifications present (Fig. 3) . The results indicate that all of the muropeptides from the M. leprae PG contained MurNAc residues, in agreement with the results of amino sugar analysis. Almost all of the DAP residues and the majority of the D-Glu residues were amidated. Muropeptides with different lengths of peptide side chains ranging from GlcNAc-MurNAc-Gly-D-Glu(NH 2 )-DAP(NH 2 )-D-Ala (tetrapeptide) to GlcNAc-MurNAc-Gly-D-Glu (dipeptide) were observed. However, the relative abundances of these molecules differed, with GlcNAc-MurNAc-Gly-D-Glu(NH 2 )-DAP(NH 2 )-DAla being dominant (Fig. 3) . Significant amounts of muropep-tide with anhydomuramic acid residues were also identified, indicative of the terminal unit of the PG chain. A large number of M. leprae muropeptides containing additional Gly residues, predominantly attached to the DAP residues, were observed in (Fig. 3) . When a Gly residue was attached to a DAP residue in the presence of amidation, it was not possible to determine which of the residues was actually amidated. However, considering the extent of DAP amidation in mycobacterial PG, it was most likely the DAP residue that was amidated. Significantly higher amounts of anhydromuramic acid-containing muropeptides in the M. leprae sample than in the M. tuberculosis and M. smegmatis samples were observed.
The monomeric muropeptides of M. tuberculosis were found to contain both MurNAc and MurNGlyc, again in agreement with the results of amino sugar analysis. The monomeric muropeptide profile from M. tuberculosis was dominated by tetrapeptides, with some tripeptides and traces of dipeptides (Fig.  3) . The DAP residues of the peptide sides chains were often amidated (peaks G T , K T , O T , and T T ) and, in some cases, were amidated in combination with the carboxylic acid group of the D-Glu (peaks B T , D T , I T , L T , M T , N T , P T , S T , and U T ). The amidation of peptide side chains and the occurrence of the two forms of muramic acid occurred in all combinations. Muropeptides with additional Gly residues were virtually absent from the M. tuberculosis PG, with the exception of peak Q T (Fig. 3) ; the exact location of the Gly was not determined due to the extremely low abundance of the molecular ion. The monomeric muropeptides obtained from the M. smegmatis PG were similar to those of M. tuberculosis (data not shown).
DISCUSSION
In the present work, we have compared the detailed structural features of the PGs of M. tuberculosis, M. leprae, and M. smegmatis as representatives of pathogenic and nonpathogenic laboratory strains of the genus Mycobacterium. M. leprae is noncultivable in vitro, and the difficulty in obtaining sufficient PG was a major obstacle in the analysis of the structural details. We have partially resolved this problem by the isolation of PG by means of a previously described protocol (10) developed specifically for M. leprae, followed by solubilization, purification, and analysis of the muropeptides and amino sugars For ease of analysis, we have separated the monomeric muropeptides from the cross-linked muropeptides and used the former for subsequent MS analysis, as indicated in Fig. 3 . This strategy simplified otherwise very complex mass spectra of unfractionated muropeptides while providing details of the PG building blocks. Recently, analyses of the amino sugar compositions of the PGs from M. tuberculosis and M. smegmatis showed the presence of two forms of muramic acid, MurNAc and MurNGlyc (21) . M. leprae PG had previously been reported to contain exclusively MurNGlyc (9, 10) based on the estimation of the glycolic acid content. However, according to our present analysis, the only form of muramic acid present in M. leprae PG is MurNAc (Fig. 2) . The gene responsible for the synthesis of MurNGlyc (namH) has been identified previously (28) in M. smegmatis, and the mutant with the knockout of this gene harbors exclusively MurNAc in PG (28) . The orthologue of namH in M. tuberculosis (Rv3818) has been identified. However, the M. leprae orthologue of namH (ML0085c) was reported to be a possible pseudogene (5), and thus, this is the most likely explanation for the absence of MurNGlyc in M. leprae PG. Although the presence of MurNGlyc in PG has been attributed to the increased lysozyme resistance of mycobacterial PG (28) , the absence of MurNGlyc in M. leprae demonstrates that the N glycolylation of muramic acid is not essential for survival in the host.
An amino acid analysis of the purified PG was performed to check on purity. PG purified using proteinase K treatment showed the presence of other amino acids (Fig. 1) , most of which have been reported previously (18) . However, the subsequent MS analysis indicated that these amino acids were not constituents of PG, as previously reported (18), but were most probably derived from contaminating PG-associated proteins (15) , possibly remnants of partially digested covalently attached proteins. The almost equal abundances of Gly and Ala from the M. leprae sample were in agreement with the previous reports (9, 10), in which it was assumed that the L-Ala had been replaced by Gly. This assumption was subsequently confirmed by MS analysis of the muropeptides. The reason for the occurrence of Gly in M. leprae is unknown, and previous attempts to answer this question through the analysis of the properties of the enzyme most likely to be involved in the addition of this residue provided ambiguous results (20) . Whether this change benefits M. leprae in its obligate intracellular presence and its particular pathogenesis is unknown; however, it may potentially increase resistance to host lytic enzymes that cleave the bond between the lactoyl group of MurNAc and the L-Ala residue.
The Chalaropsis sp. muramidase has previously been used for the solubilization of mycobacterial PG (25) . The conventional approach to the analysis of the structure of PG involves solubilization, reduction, and reversed-phase HPLC separation of the numerous populations of the muropeptides (12), an approach highly successful in the analysis of PGs from a range of organisms (1, 8, 13, 27) . However, the application of this method was not an option for the analysis of the PG of M. leprae due to the paucity of armadillo-derived M. leprae samples. This problem was addressed by the introduction of size exclusion chromatography, which allowed the effective separation of monomers and cross-linked muropeptides prior to reversed-phase HPLC and direct analysis by MS or MS-MS. The separation of the monomers from cross-linked muropeptides by size exclusion chromatography allowed improved separation of the muropeptides by reversed-phase HPLC, in addition to generating a relatively simple mass spectrum that eased subsequent data analysis. The method was initially used for the structural analysis of M. tuberculosis and M. smegmatis PGs, and the results were compared and validated with the published structures (18, 19, 33) . Using this methodology, we were able to analyze the structure of M. leprae PG from a sample of about 2 mg.
The monomeric muropeptides from M. leprae PG were a complex mixture of disaccharide peptides with various peptide lengths and compositions (Fig. 3) . Unlike M. tuberculosis, M. leprae did not have the added complexity generated by two forms of muramic acid in the muropeptides (Fig. 3) . However, complexity was caused by the presence of additional Gly residues in a large number of M. leprae muropeptides (Fig. 3) . These additional Gly residues, in most instances, were associated with DAP; however, in some cases they were also linked to D-Glu, indicating the presence of additional enzymes in the M. leprae PG biosynthesis pathway. The M. leprae PG also had higher amounts of tri-and dipeptides than the PGs of the other a , the position of this Gly(NH 2 ) was not determined; b , the position of this NH 2 was not determined. (D) Inferred structures of the ions of peaks A T to U T based on MS-MS analysis. As in the case of M. leprae, only the structures of the dominant molecular ions were determined when more than one molecular ion corresponded to a peak.*, the position of this NH 2 was not determined; **, the position of this Gly was not determined.
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Mycobacterium species, possibly due to higher-level DD-carboxypeptidase activity in M. leprae. The amidation of the carboxylic acid functions of D-Glu and DAP was extensive in all three species. Almost all the DAP residues found in the PGs from all three species were amidated, along with the majority of D-Glu residues. The extent of amidation observed in the PG was comparable to that observed in the lipid II intermediates of M. smegmatis (22) . In this analysis, we have not seen any evidence of the presence of methylated DAP or D-Glu residues or muramic acid residues with a free amino group, which was observed previously in M. smegmatis lipid II (22) . We hypothesize that these modifications may be part of a regulatory mechanism which maintains the overall degree of cross-linking in mycobacterial PG without directly covering the sites. Although estimates of glycan chain lengths of the PGs from any of these organisms based on the data were not possible, the presence of significantly higher amounts of anhydromuramic acid-containing muropeptide in the M. leprae samples than in the M. tuberculosis and M. smegmatis samples suggests the existence of shorter glycan chains. The physiological significance of this feature is a matter of speculation.
Therefore, although the PG biosynthetic pathways of M. tuberculosis and M. leprae are very similar based on the analysis of the genomes (5, 20, 31) , the actual fine structures differ. Whether these differences are due to the lack of some key enzymes, as in the case of the NamH hydroxylase, or to the in vivo growth conditions, as has been assumed for the replacement of L-Ala with Gly, is subject to further investigation.
Although the physiological implications of amidated residues in PG are unknown, involvement in pathogenesis can be hypothesized. Epithelial cells and antigen-presenting cells play an important role in the innate immune response, which is considered to be the first line of defense against pathogens. The nucleotide binding oligomerization domain (NOD) receptors present in these cells, NOD1 and NOD2, recognize moieties of bacterial PG (19) and initiate the immune response. The minimum PG derivative structure recognized by NOD1 is a muramyl tripeptide containing meso-DAP (11) . In addition, it has been demonstrated previously that NOD1 has a reduced capacity to recognize muramyl peptides with amidated meso-DAP compared to nonamidated peptides (11, 29) . Therefore, the amidation of the meso-DAP of PG may play an important role in the pathogenesis of M. leprae and M. tuberculosis. Furthermore, the muramyl dipeptide MurNAc-L-Ala-D-isoGlu(NH 2 ) is recognized by NOD2 and the replacement of L-Ala with D-Ala eliminates the ability of muramyl dipeptide to stimulate NOD2, indicating stereoselectivity (17) . Accordingly, M. leprae, with its PG containing amidated DAP and Gly residues, may escape the NOD1-and NOD2-mediated innate immune response of the host. The additional Gly in the peptide side chains and the higher level of anhydromuramic acid may also contribute to lytic enzyme resistance and host-pathogen interaction.
